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Ground
Introduc ti on . --The principal aquifer underlying the Milwaukee-Waukesha area is composed of Upper Cambrian and Lower Ordovician sandstones, which are underlain "by pre-Cambrian rocks. rCie "top °£ the aquifer is a"bout 5^0 feet "below the surface at Waukesha and a"bout 1,000 feet "below the surface at the eastern side of Milwaukee. The total thickness of the aquifer is estimated to range in thickness from about 1,5'00 feet to over 2,000 feet. No well in the area .has "been drilled to the pre-Cambrian.
The aquifer is overlain "by "beds of shale and dolomitic limestone, the shale acting as a confining "bed to produce artesian conditions. The Niagara dolomite, of Silurian age, overlies the shale and is a source for small supplies of ground water. The sandstones dip about 20 feet to the mile to the east from the area of outcrop in the south-central part of the State. For the purposes of this report the sandstones are treated as a single aquifer although they are interbedded with thin layers of shale and dolomite at some horizons.
Pumpage . --Ground water has "been obtained from the deep sandstones underlying the area since before i860 for use by municipalities, industries, and individuals. Public supplies are now obtained from the aquifer for the cities of Waukesha and Wauwatosa, the village of Greendale, Town of Lake, and some of the Milwaukee County parks. Most of the water pumped from the aquifer, however, Chamberlain, T. C., Geology of Wisconsin, vol. 2, Wisconsin Geol. Survey, pp. 150-161, 1877 .
-3-is used by industries for processing, cooling, and air conditioning. In about 25 percent of the -water was pumped for public supply and the remainder for industrial purposes. The estimated pumpage in the area from 19^0 through 19^6 is given in table 1. Municipal pumpage data were obtained from records of meter readings but, -with a few exceptions, industrial pumpage was estimated by the plant engineers. These estimates were based on plant requirements, production, electrical consumption, cost of pumping, capacities of pumps, and on hours of pump operation. -4- Water levels. Static -water levels In the deep veils in the area have 2 declined since about 1890 from about 800 feet above sea level to less than 500 feet above sea level in the areas of heavy pumping. The -water-level records furnished by the City of Wauwatosa indicate that ^ater levels declined uniformly until about 1930 and from then at a continually increasing rate through 19^6. The increased rate of decline since 1930 is probably due to an increase in the number of wells and to increased pumping from the old wells.
Pumping Tests
Coefficients. In order to determine the effect on the water level at any distance from a pumping well caused by a change In rate of pumping from that well, It is necessary to know the water-bearing characteristics of the formation. These characteristics are commonly expressed as the coefficients of transmissibility and storage. The coefficient of transmissibility may be o definedj as the number of gallons of water that will move in 1 day through a vertical strip of the aquifer 1 foot wide, having a height equal to the full thickness of the aquifer, under a hydraulic gradient of 100 percent. The k coefficient of storage is defined as the volume of water, measured in cubic feet, released from storage in each column of the aquifer having a base of 1 square foot and a height equal to the thickness of the aquifer, when the artesian head is lowered 1 foot.
2 Weidman, Samuel, and Schultz, A. R*> The underground and surface water supplies of Wisconsin: Wisconsin Geol, and Nat. History Survey Bull. 35, p. 79, 1915-, 3 , J Theis, C. V., The significance and nature of the cone of depression in ground water bodies: Econ, Geol., vol. 33, p. 89^, 1938 . k ' Theis, C. V., idem., p. 89^.
-7-Field work.--The coefficients have "been determined for the main aquifer underlying the Milwaukee-Waukesha area "by means of pumping tests on existing wells in the area. Each test consisted of starting or stopping the pump in one well and observing the effect on the water levels in that well and in nearby wells. Most of the pumping rates of the wells were computed from meter readings, "but some were computed "by measuring the volume of water discharged into a tank of known capacity. Static water levels were measured "by inserting a steel tape "between the casing and the pump column, except in well Wk-5. The tape was read to the nearest hundredth of a foot. All pumping levels and the static level in well Wk-5 were measured "by means of air lines and gages which were read to the nearest tenth of a foot. In wells Ml-8, 15, 85, and Wk-12, pumping levels could not "be measured owing to missing or "broken air lines. Hydrographs for each weH were plotted from these measurements, using the depth to water as the ordinate and time as the a"bscissa.
The water levels in three wells in Wauwatosa during a typical pumping test are represented "by the hydrographs in figure 2. The distances "between wells are shown in table 3. Prior to stopping the pump in well Ml-17 > wells MI-16 and Ml-17 had "been pumped at constant rates for several days so that the. trend of water levels was uniform. Well MI-18 was idle throughout the test "but is too far away to "be greatly affected "by pumping well Ml-17 for a short period. Well Ml-15 "was idle throughout the test "but no tape measurements of water levels could "be made owing to -water entering the casing from the Niagara dolomite. Airline measurements could not "be made, owing to a plugged air line.
Well Ml-17' pumping 1,466 gallons a, minute with a pumping level about 2^0 feet below the pump "base, was shut off at 7'30 P«.n.« on February 25, 19^7> and the recovery of water levels in wells, Ml-lk, 17, and Ik9 was measured at intervals as shown on the hydrographs. The recovery of water .levels caused by stopping well Ml-17 nay be obtained for any time after pumping stopped by determining . ' the difference between the recovery curve and the extrapolated drawdown curve--that is, the curve that would have existed if well Ml-17 had continued pumping.
-8- Both formulas were developed on the assumptions that the aquifer is infinite in extent, that it is homogeneous, that its transmissibility is a constant, and that it is confined "between impermeable "beds. The nonequilibrium formula further assumes that the coefficient of storage is constant, and that the water is released from storage instantaneously with a decline in artesian head. To determine the coefficient of transmissibility, the Thiem formula is applied to the drawdown or recovery of water levels in two observation wells caused by pumping or shutting off a third well, after the piezometric surface has reached equilibrium form as far out as the most distant observation well. In the Milwa-ukee-¥aukesha area the Thiem method was applied only to weUs ML-llj-and 1^9 when well MI-17 was turned off or on. In all other tests equilibrium was not reached before a change became necessary in the pumping rate from one or more of the 5 wells. The nonequilibrium formula may be applied in any one of three ways:
(1) to the drawdown or recovery in two or more observation wells at any time; (2) to the amount and rate of drawdown or recovery in one. observation well; or (3) to the amount and rate of drawdown or recovery in a pumped well.
The coefficients of transmissibility and storage obtained from pumping tests in the Milwaukee-Waukesha area are given in tables Ij-to J. The average coefficients obtained at each of the five locations and the averages of all tests are given in table 8.
Town of lake tests.--Four tests were made in May 19^6 using the Town of lake municipal wells, MI-85 and 86, which are 673 feet apart. ML-86 was not equipped with a pump and ms used only as an observation well. These wells are both cased through the Niagara dolomite and yield water only from the H sandstones. The pumping level could not be measured in well ML-85,, owing to a faulty airline. The average coefficients of transmissibility and storage were 21,600 gallons a day per foot, and O.OOOij-3, respectively.
-11- a Wo observation well is required for a recovery or drawdown test on the pumped veil.
-13- -15- Average .00039
Greendale tests.--Eight tests were made using the two municipal wells at Greendale,' Ml-91 and 92, which are 2,110 feet apart. The coefficients of transmissibility and storage averaged 23,100 gallons a day per foot and 0.00036, respectively. The wells are "both cased through" the Niagara dolomite and are quite similar in size and depth. The specific capacity of Ml-91 is 3.3 gallons a minute per foot of drawdown,as against 17.9 gallons a minute per foot of drawdown in Ml-92, as shown in table 2. As the coefficients of transmissibility and storage were rather consistent according to the tests of "both wells, the difference in specific capacities is probably due to differences in well construction or to some very local reduction in transmissibility around well MI-91*
McGovern Park test.--A recovery test on well ML-8, owned "by Milwaukee
County and used for filling the swimming pool at McGovern Park, gave a coefficient of transmissibility of 22,100 gallons a day per foot. There were 3 no other wells penetrating the sandstone in the area, so it was not possible to make an interference test or to determine the coefficient 1 of storage. Well Ml-8 is cased through the Niagara dolomite but there is some leakage through or around the casing. This was evidenced by a slight recovery of the water i level in a nearby well which yields water from the Niagara dolomite. However, the amount of leakage apparently was relatively small, and it probably increased the computed coefficient of transmlssibility very little. The pumping \ level in well Ml-8 could not be measured, owing to a broken air line.
Wauwatosa tests. A series of 26 tests was made in February 19^7 using the municipal wells, 15, 16, 17, 18, and 1^9, in Wauwatosa. Well Ml-lij-9 is a low-capacity well and was used only as an observation well during the tests. Of these wells, only Ml-14, 15, and 149 are cased completely through the Niagara dolomite. Well <ML 16 is uncased, and wells are partially cased, through the dolomite. According to drillers' records, 7 Foley, F. C-, Drescher, W. J., and Eendrickson, G. E., Ground-water studies in Wisconsin? Am. Water Works Assoc. Jour., vol. 39, pp. 369-379, 19^7-the dolomite in these wells is generally a poor source of -water. It yields more -water from the upper than from the lower part of the formation. These conditions, coupled -with the fact that -water levels in the veils, except -well MI-15 > ar"e not noticeably affected "by -water from the Niagara dolomite, indicate that the coefficients obtained from tests using these -wells are characteristic of the sandstones and would not "be appreciably lowered if the -wells were cased completely through the dolomite. ¥ell Ml-15 is an exception, as water can "be \ heard pouring down the well, apparently in great volume, from above the static levelo This water is undoubtedly coming from the dolomite, either through a large break in the casing or between two sections of casing. The co,-
efficients of transmissibility from seven tests using well ML-15 average 97>3°0 gallons a day per foot as compared to an average of 26,700 gallons a day per foot from 19 tests using the other ¥auwatosa wells. The average coefficient of storage from seven tests using well ML-15 is 0.00057* compared / to 0,000^1 from 12 tests using the other wells. The coefficients obtained from tests using well MI-15 were not considered reliable and were not used in computing the average coefficients for the sandstones. Well MI-16, which is uncased through the dolomite, does not yield an appreciable amount of water from the dolomite, as is evidenced by its low specific capacity, a water level consistent with those of sandstone wells in which the dolomite is cased off, and coefficients of transmissibility and storage comparable to those obtained from tests using sandstone wells.
It is possible that the relatively high average coefficient of transmissibility obtained at Wauwatosa for the sandstones is due to water entering the wells from the lower uncased portion of the Niagara dolomite.
Waukesha tests.--In October 19^6 a series of 16 tests was made in ¥aukesha using the municipal wells, ¥k>5, #, 7, and 8; two wells, Mc-12 and 15, owned by the Borden Company; and a well, Wk-ll*, owned by the Veterans Admini strati on o Wells Wk-lk and 15 are not equipped with pumps and were used only as observation wells throughout the tests. These wells are all cased through the Niagara dolomite and yield -water only from the sandstones. The average coefficients of transmissibility and storage obtained from these tests are 25,lj-00 gallons a day per foot and 0.00036, respectively. Partial penetration.--All the wells used in determining the above coefficients penetrate the aquifer only partially. The effect of this partial Q penetration would "be to give apparent values of transmissibility and storage lower than the true values. Because the total thickness of the aquifer underlying the Milwaukee-Waukesha area is unknown, no correction can be made.
However,-the amount of correction decreases as the distance from the pumped well increases, and the distances between wells are so great that it is probable that the correction would not change appreciably the computed values of transmissibility and storage.
Application of coefficients
The primary purpose of a pumping test is usually to determine the coefficients of transmissibility and storage of an equifer in order to compute the probable effect on water levels caused by a change in the rate of withdrawal from the aquifer. A test, therefore, is a means of determining the equation (the nonequilibrium formula with proper coefficients) of a drawdown curve and of extending the curve over a longer period of time by means of the equation. In applying the equation over a long period, consideration must be i given to the effect caused by boundaries and changes in the character of the / aquifer. Such boundaries and changes are not taken into account by the equation of the curve for a short time.-The curves in figures 3 and h were computed by means of the nonequilibirum formula, using the average coefficients given in table 8. Figure 3 shows the theoretical drawdown at various distances from a well at the end of 30 days, 1 year, and 10 years caused by continuous pumping from a well at Q Muslcat, Morris, The flow of homogeneous fluids through porous media, McGrawHill, pp. 263-286, 1937 .
-2D-the rate of 1,000 gallons a minute. Figure k shows the drawdowns at various times at distances of 2,500, 5,000, and 20,000 feet under the same conditions.
It is apparent from the formula that the drawdown is directly proportional v to the dischargee The drawdown caused "by a -well discharging 2,000> gallons a minute would "be twice the drawdown shown in the figures. Because the nonequilibrium formula assumes a homogeneous aquifer of infinite areal extent, the drawdowns obtained from these figures must "be corrected for the effects of lateral "boundaries and changes in character of the aquifer "before they can "be considered to apply to the aquifer in the Milwaukee-Waukesha area.
Probably the only significant lateral "boundaries of the aquifer are at / " the edges of a series of inliers of pre-Cambrian rocks, the nearest of which is about 25 miles northwest of Waukesha and trends northeast; and at the near edge of the recharge area of the aquifer, the location of which is not known "but is at least 25 miles west of Waukesha. The effect of the pre-Cambrian "boundary on the drawdown produced "by a pumping well is the same as though the aquifer were infinite and a like pumping well were located on a line perpendicular to and at an equal distance on the opposite side of the boundary. The effect of the recharge area on the drawdown produced by a pumping well is the same as though a like recharging well or source were located on a line perpendicular to and an equal distance on the opposite side of the line of recharge. The line of recharge is assumed to be a straight line of infinite length. As the boundaries of the aquifer are at relatively great distances.from the MilmukeeWaukesha area, the corrections for the effect of boundaries are probably small within the limits of the curves shown in figures 3 and k-
Recommendations for further investigations
Further pumping tests should be made between the Milwaukee-Tfeukesha area and the known boundaries of the aquifer in order to determine any changes in the character of the aquifer. More complete pumpage and water-level data v should be collected to check the accuracy of computations made vith the
